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ABSTRACT 
 The effects of ecophysiological factors, temperature and solute potential, on 
both growth and regulation of the fumonisin biosynthetic FUM1 gene were studied and 
compared in the two closely related fumonisin-producing and maize pathogens F. 
verticillioides and F. proliferatum. The effect of solute potential and temperature was 
examined on in vitro mycelia growth and on expression of FUM1 gene, quantified by 
species specific real time RT-PCR assays. Although both species showed similar two 
dimensional profiles of growth, for F. verticillioides optimal growth conditions were 
maintained at higher temperatures and lower solute potential values. FUM1 gene 
expression was markedly induced at 20ºC in both species, under sub-optimal 
conditions for growth; however, their expression patterns differed in relation to solute 
potential. Whereas FUM1 expression was induced in response to increasing water 
stress in F. verticillioides, F. proliferatum showed a stable expression pattern 
regardless of water potential conditions. These results suggest a differential regulation 
of fumonisin biosynthesis in these species that might be related to their different host 
range and play an ecological role. Additionally, environmental conditions leading to 
water stress (drought) might result in increased risk of fumonisin contamination of 
maize caused by F. verticillioides. 
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INTRODUCTION 
 Fusarium verticillioides (Gibberella moniliformis, G. fujikuroi mating population 
A) and F. proliferatum (G. intermedia, G. fujikuroi mating population D) are important 
pathogens of maize. They produce a number of mycotoxins, among which fumonisins 
are considered the most relevant. Both species show differences in host range. 
Fumonisin-producing F. verticillioides is basically restricted to maize where it causes 
ear and stalk rot, whereas F. proliferatum colonises a wide range of hosts in addition to 
maize, as diverse as pine trees, asparagus or palm trees, and dietary crops such as 
wheat and barley. In these crops, it may cause black point symptoms (Conner et al., 
1996; Desjardins et al., 2007). Both species have a wide distribution in temperate 
regions (Desjardins et al., 2000; De Souza & Formento, 2004; Aliakbari et al., 2007; 
Cavaglieri et al., 2009) and they are particularly relevant in Southern Europe (Logrieco 
et al., 2002; Soldevilla et al., 2005; Jurado et al., 2006; Medina et al., 2006). 
Fumonisins are a family of toxic and carcinogenic mycotoxins which cause 
serious diseases affecting humans and animals (Marasas et al., 2004). Because of the 
health risk associated with consumption of contaminated commodities, their occurrence 
is currently under regulation in many countries including the European Union 
(Commision Regulation EC No 1126/2007). 
 Fusarium growth and fumonisin production result from the complex interaction 
of several factors (biotic and/or abiotic). Water stress and temperature are the most 
relevant environmental factors which influence fungal growth and mycotoxin production 
and therefore, they are essential to understand the overall process and to predict and 
prevent plant diseases and mycotoxin production (Charmley et al., 1994). Recently, 
several reports point out the impact of diverse stress conditions on mycotoxin 
production, including osmotic stress, pH and diverse compounds such as fungicides 
(Schmidt-Heydt et al., 2007; Jurado et al., 2008; Schmidt-Heydt et al., 2008,). These 
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studies have used real time RT-PCR and microarrays-based approaches, since 
regulation of mycotoxin biosynthesis has been demonstrated to occur primarily at a 
transcriptional level in many cases (Proctor et al., 1999; O’Callaghan et al., 2006). 
Furthermore, high and significant correlation has been observed between the relative 
amount of FUM1 transcripts quantified by real time RT-PCR and the fumonisin content 
in both F. verticillioides and F. proliferatum (López-Errasquín et al., 2007; Jurado et al., 
2010), as well as for TRI5 gene and desoxinivalenol (DON) in F. graminearum (Doohan 
et al., 1999).This method permits rapid and accurate quantification  of the effect of 
factors and treatments on mycotoxin biosynthesis, reducing incubation times necessary 
to accumulate the toxin that might be eventually produced at analytically  detectable 
levels. Although stress factors may be only transient, in a situation of changing climatic 
conditions, they may become more permanent in certain regions (Miraglia et al., 2009) 
and, therefore, information about the behaviour of the different fungal species 
regarding growth patterns and toxin production in environmental stress conditions 
might become critical to improve prediction and control of the mycotoxin risk. 
 The objectives of this study were (i) to compare the effects of temperature and 
non-ionic osmotic potential stress on growth and FUM1 gene expression in F. 
verticillioides and F. proliferatum strains and (ii) examine the temporal kinetics of the 
effect of ionic solute potential on growth and FUM1 gene expression in F. proliferatum. 
 
MATERIALS AND METHODS 
 
Fungal isolate. 
F. verticillioides FvA (FvMM7-3) strain and F. proliferatum strain FpA (FpMM1-
2) were originally isolated from a maize field in Madrid (Spain), in September 2003, and 
both were reported to produce fumonisins (Jurado et al., 2008; Jurado et al., 2010). 
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Fungal cultures were maintained on potato dextrose agar medium (Scharlau Chemie, 
Barcelona, Spain) at 4ºC and stored as spore suspensions in 15% glycerol at -80ºC in 
the Department of Genetics of the University Complutense of Madrid. 
 
Growth in relation to osmotic potential (ionic and non-ionic potential) 
The medium used in this study was a fumonisin-inducing solid agar medium 
previously reported (López-Errasquin et al., 2007), which contained malt extract (0.5 
g/L), yeast extract (1 g/L), peptone (1 g/L), KH2PO4 (1 g/L), MgSO4-7H2O (0.3 g/L), 
KCl (0.3 g/L), ZnSO4- 7H2O (0.05 g/L), CuSO4-5H2O (0.01 g/L), fructose (20 g/L) and 
bacteriological agar (15 g/L). 
The solute potential ( s) was modified either with the non-ionic solute glycerol 
to analyze the effect of water stress and temperature on growth rate and FUM1 gene 
expression of both strains, or with the ionic solute sodium chloride (NaCl) to perform a 
kinetics study with F. proliferatum FpA. In the first case, the solute potentials used were 
-0.7, -2.8, and -7.0 MPa of s, corresponding to water activities (aw) of 0.995, 0.982 
and 0.955 respectively, while in the kinetics study the solute potentials were -0.7, -2.8, -
7.0, and -9.8 MPa of s = aw of 0.995, 0.982, 0.955 and 0.937 respectively. These 
solutes were not added to the control medium (-0.7 MPa = aw of 0.995). All the 
treatments and replicate agar media were overlayed with sterile cellophane sheets 
(P400; Cannings, Ltd., Bristol, United Kingdom) before inoculation to facilitate removal 
of the fungal biomass for RNA extractions. 
 
Inoculation, incubation and growth assessment 
A 3-mm-diameter agar disk from the margin of a 7-day-old growing colony of F. 
verticillioides FvA and F. proliferatum FpA grown at 25ºC was used to centrally 
inoculate plates for each replicate and treatment. The plates were incubated at 15, 20, 
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25, 30 and 35 ºC for 10 days in the fumonisin-inducing medium modified with glycerol. 
The experiment consisted of a fully replicated set of treatments with at least three 
replicates per treatment. Experiments were repeated once. 
Assessment of growth was made daily during the 10-day incubation period. Two 
diameters of the growing colonies were measured at right angles to each other until the 
colony reached the edge of the plate. The radii of the colonies were plotted against 
time, and a linear regression was applied to obtain the growth rate as the slope of the 
line. 
An additional time course experiment was carried out in the fumonisin-inducing 
medium modified with NaCl. This study was carried out at 25ºC for 3, 6, 9 and 12 days. 
Three independent replicates were destructively sampled at each time point and 
analyzed. 
 
RNA isolation and cDNA synthesis 
 The biomass was removed from the cellophane at the end of the incubation 
period, and the total RNA was extracted using the “Total Quick RNA cells and tissues” 
kit (Talent, Italy), according to the manufacturer’s instructions, and stored at -80°C. 
DNase I treatment was used to remove genomic DNA contamination from the samples 
using “DNase I, amplification grade” (Invitrogen; United Kingdom), following the 
manufacturer’s instructions. First-strand cDNA was synthesized using the “GeneAmp 
Gold RNA PCR reagent kit” (Applied Biosystems). Each 20-µl reaction mixture 
contained 500 ng of total RNA, 0.5 µl of oligo(dT)16 (50 µM), 10 µl of 5X RT-PCR 
buffer, 2 µl of MgCl2 (25 mM), 2 µl of deoxynucleoside triphosphates (dNTP) (10 mM), 
2 µl of dithiothreitol (100 mM), 0.5 µl (10 U) of RNase inhibitor (20 U/µl), 0.3 µl (15 U) of 
MultiScribe reverse transcriptase (50 U/µl), and sterile diethyl pyrocarbonate- treated 
water up to the final volume. Synthesis of cDNA was performed in a Mastercycler 
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gradient thermal cycler (Eppendorf; Germany) according to the following procedure: 
after a hybridization step of 10 min at 25°C, RT was carried out for 12 min at 42°C. The 
cDNA samples were kept at -20°C. Samples incubated in the absence of reverse 
transcriptase were used as controls.  
 
Real time RT-PCR and quantitative analysis of the data 
 Real time RT-PCR assays were used to quantify FUM1 and TUB2 expression in 
both species. The primer pair PQF5-F (5’ GAGCCGAGTCAGCAAGGATT 3’) and 
PQF5-R (5’ AGGGTTCGTGAGCCAAGGA 3’) was used for F. verticillioides (López-
Errasquin et al., 2007). Primer pair FUM1P2-F (5’ CCCCCATCATCCCGAGTAT 3’) and 
FUM1P2-R (5’ TGGGTCCGATAGTGATTTGTCA 3’) was used   for F. proliferatum 
(Jurado et al., 2010). These two species specific primer sets were used to amplify the 
FUM1 gene. The pair of primers  PQTUB-F2 (5’ ACATCCAGACAGCCCTTTGTG 3’) 
and PQTUB-R2 (5’ AGTTTCCGATGAAGGTCGAAGA 5’) was used to amplify a partial 
region of TUB2 gene in both species (Jurado et al., 2010). Real time RT-PCR reactions 
were performed using an ABI PRISM 7700 sequence detection system (Applied 
Biosystems). The PCR thermal cycling conditions for both genes were as follows: an 
initial step at 95°C for 10 min and 40 cycles at 95°C for 15 s and at 60°C for 1 min. 
SYBR green PCR master mix (Applied Biosystems) was used as the reaction mixture, 
with the addition of 2.6 µl of sterile Milli-Q water, 1.2 µl of each primer (5 µM), and 5 µl 
of template cDNA, in a final volume of 20 µl. In all experiments, appropriate negative 
controls containing no template were subjected to the same procedure to exclude or 
detect any possible contamination or carry over. Each sample was amplified twice in 
each  experiment.  
The results were normalized using the TUB2 cDNA amplifications run on the 
same plate. The TUB2 gene is an endogenous control that was used to normalize 
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quantification of mRNA target for differences in the amount of total cDNA added to 
each reaction. In real time RT-PCR analysis, quantification is based on the threshold 
cycle (CT), which is defined as the first amplification cycle at which the fluorescence 
signal is greater than the minimal detection level, indicating that PCR products become 
detectable. Relative quantitation is the analytic method of choice for this study 
(Ginzinger, 2002). In this method, a comparison within a sample is made with the gene 
of interest (FUM1) to that of the endogenous control gene (TUB2). Quantitation is 
relative to the control gene by subtracting the CT of the control gene from the CT of the 
gene of interest (CT). In graphic representations (see Figures 2 and 3), we have used 
the average CT mean value of the three replicates performed in each experiment, and 
this was subtracted by the calibrator mean value of the three replicates to obtain the 
corresponding CT values. CT values were transformed to log2 (due to the doubling 
function of PCR) to generate the relative expression levels.  
 
Statistical analysis of results 
The linear regression of increase in radius against time (days) was used to 
obtained growth rates (mm day-1) as indicated above for each set of treatments. 
Analysis of variance (ANOVA) was made for the growth rate, FUM1 gene expression 
and temporal studies including the data of the three replicates from each experiment. 
All sets of results were evaluated by using StatsGraphics Centurion XV.II (Statistical 
Graphics Corp., Herndon, VA). FUM1 gene expression data were transformed prior to 
analysis by y = log10 (FUM1 gene expression). 
 
RESULTS 
 
Effects of temperature and non-ionic solute stress on growth 
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Figure 1 shows the two dimensional profiles of relative growth rates of F. 
verticillioides FvA (Figure1a) and F. proliferatum FpA (Figure1b) strains on fumonisin-
inducing solid agar medium in response to changes in non-ionic solute potential and 
temperatures between 15 and 35ºC. 
Figure 1a shows that the optimal conditions for growth (5-6 mm day-1) of F. 
verticillioides were at between 25 and < 35ºC, at both -0.7 and -2.8 MPa s. However, 
s ≤-7.0 MPa, at all the temperatures, severely reduced growth (1-3 mm day
-1). 
Temperatures below 17ºC and above 35ºC could be considered marginal for  growth. 
The ANOVA analyses showed that single factors (temperature and water potential) and 
their interaction were statistically significant (Table 1a). Therefore the most restrictive 
conditions might be lower and higher temperature and increased solute stress. 
Differences in growth were significant at all the temperatures, as well as osmotic s 
except at -0.7 and -2.8 MPa of s where no significant difference in growth was 
observed (data not shown). 
Optimal conditions for growth (5-6 mm day-1) of F. proliferatum were slightly 
narrower than for F. verticillioides (Figure 1b), at between 25 and 30ºC and at both -0.7 
and -2.8 MPa s. Growth was reduced (1-3 mm day
-1) at -7.0 MPa s or lower at  all  
temperatures. The ANOVA showed statistically significant effects for all the single and 
interacting factors (Table 1b). Differences in growth were significant at all the 
temperatures and osmotic potentials (data not shown). 
 
Effects of temperature and non-ionic solute stress on FUM1 gene expression 
Figure 2 shows the relative FUM1 gene expression of the F. verticillioides FvA 
and F. proliferatum FpA strains cultured on fumonisin-inducing agar medium for 10 
days in response to both temperature and s potential. 
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FUM1 gene expression profiles by F. verticillioides are shown in Figure 2a. The 
highest fold induction, in all the three s potentials, was at 20 ºC, and at both -2.8 and -
7.0 MPa was statistically different. At -0.7 MPa, FUM1 gene expression showed 
induction only at 20ºC. Increasing water stress resulted in higher induction of FUM1 
gene in all the temperatures tested. The ANOVA showed statistically significant effects 
for both single factors (temperature and solute potential) and their interaction for F. 
verticillioides (Table 2a). 
Induction of FUM1 gene in F. proliferatum seemed to be predominantly 
influenced by temperature, and largely restricted to 20ºC (Figure 2b). The reduction of 
FUM1 gene expression observed at higher temperatures decreases with increasing 
water stress, suggesting that this condition might have a certain positive effect on gene 
expression. The ANOVA showed that single factors, temperature and water potential, 
has a statistically significant effect on FUM1 gene expression (Table 2a).  
The standard error of the mean values of the two amplifications performed for 
each sample in the same plate, were generally very low (about 0.1%) and never higher 
than 1%, indicating a  high level of reproducibility of the real time RT-PCR assay. 
 
Effects of the ionic solute potential on temporal FUM1 gene expression 
 Figure 3 shows the effect of the ionic s potential on growth rates, expressed as 
area of fungal growth, and induction of FUM1 gene expression by F. proliferatum at 
25ºC after 3, 6, 9 and 12 days. The results indicated that FUM1 mRNA synthesis was 
remained stable at all the s conditions tested. Figure 3 also shows the results 
obtained for F. verticillioides in a previous study carried out in similar conditions for 
comparison purposes (Jurado et al., 2008). 
 
DISCUSSION 
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In this work we have compared the growth rate and relative induction of FUM1 
gene expression profiles of two Spanish isolates of F. verticillioides and F. proliferatum 
in response to temperature and s potential, the main factors affecting fungal grow and 
mycotoxin production (Charmley et al., 1994, Magan, 1997). The detailed two 
dimensional growth maps obtained for both species showed quite similar patterns. Both 
species had similar optimal growth rates (5-6 mm/day) and they were able to growth 
over a wide range of conditions, particularly at high temperatures and water potentials. 
This confirms earlier studies (Marin et al., 1999; Marin et al., 2004; Hope et al., 2005) 
and they are basically in agreement with epidemiologic studies showing the association 
of these two species with changes in water stress and high temperatures, close to 30-
35ºC. However, F. verticillioides showed a significantly better performance at higher 
temperatures and water stress than F. proliferatum. This might contribute to its 
comparatively higher incidence in maize fields from regions affected by increasing 
temperatures and severe drought (Soldevilla et al., 2005; Jurado et al., 2006). 
The analysis of FUM1 expression in F. verticillioides and F. proliferatum isolates 
performed in this study revealed an effect of temperature and water potential at a  
transcriptional level, similar to other studies reported for for diverse toxigenic fungal 
species (Feng & Leonhard, 1998; O’Callaghan et al., 2006; Jurado et al., 2008; 
Schmidt-Heydt et al., 2008). The relative highest FUM1 induction was observed at 
20ºC for both species, close to but not coincident with their optimal temperature for  
growth (25ºC), excluding the s potential factor, suggesting a preference for certain 
temperatures for maximum FUM1 gene expression. Interestingly, a similar situation 
was reported for other mycotoxigenic species (Schmidt-Heydt et al., 2008), although 
there is no conclusive explanation for this so far. However, the response of both 
species to water stress was markedly different. In the case of F. verticillioides, 
increasing s potential values resulted in an induction of FUM1 expression, particularly 
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at the highest water stress conditions tested, confirming the pattern observed 
previously (Jurado et al., 2008). In the case of F. proliferatum, a similar trend could be 
detected although at a much lower intensity. Similarly, induction of toxin biosynthetic 
gene expression was reported for the trichothecene-producing F. culmorum, the 
aflatoxin-producing A. parasiticus and the OTA-producing Penicillium verrucosum 
(Schmidt-Heydt et al., 2008) in response to s potential stress, as well as to pH and 
temperature, suggesting that environmental stress and toxin biosynthesis by fungi are 
causally related and it might be a more general phenomenon (Magan, 2007). 
Furthermore, it has been suggested that stress-activated protein kinases might play a 
role in the regulation of mycotoxins (Kohut et al., 2009). 
Based on the work of Jurado et al. (2008), the contribution of s potential stress 
on induction of fumonisin biosynthesis in F. verticillioides showed a clear stimulation 
under water stress conditions of the FUM1 gene in the temporal study. However, the 
results obtained for F. proliferatum showed a stable pattern of FUM1 expression in 
relation to water stress. These results suggest that the relative contribution of these two 
species to fumonisin production on maize might differ during the course of colonization. 
Fumonisin production would be expected to be higher, in the case of F. proliferatum, at 
earlier stages (when temperature is still mild), whereas the relative contribution to 
fumonisin synthesis by F. verticillioides would increase at later stages, when water 
stress progressively increases. 
The actual biological role of mycotoxins is far from being elucidated, although in 
certain cases their role in pathogenesis  has been demonstrated. This seems to be the 
case of DON-producing F. graminearum strains in wheat (Desjardins et al., 1996). The 
role of fumonisins in maize pathogenesis is more controversial. A recent report, 
however, suggests that fumonisin production by F. verticillioides is necessary for 
development of disease symptoms in maize (Glenn et al., 2008). The diverse mycoflora 
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present on plants and substrates during colonization suggests a situation where 
complex interactions among species competing for nutrients and space exist. In this 
scenario, strategies involving the development of differential nutrient abilities (Wilson & 
Lindow, 1994) and/or production of secondary metabolites (mycotoxins) might confer 
advantages to occupy or retain a certain niche. In this context, mycotoxins could be 
regarded as competitive factors (chemical antagonists). Although conclusive evidence 
supporting this view is still lacking, experiments on competition between F. 
verticillioides, F. proliferatum, F. graminearum, A. flavus and A. parasiticus, all  
associated with maize, suggest a role of toxins, and fumonisins in particular, in their 
interactions (see the excellent review by Marin et al., 2004). Some reports also 
describea prevalence of F. verticillioides with respect to F. graminearum or A. flavus, 
particularly in certain environmental conditions, and an effect of their interaction on 
toxin production (Zimo & Scott, 1992; Velluti et al., 2000). However, accurate 
quantification of toxin (fumonisin) content variation at the concentrations which might 
be of biological significance in the course of the interactions is technically difficult to 
achieve. The use of the sensitive and specific real time RT-PCR protocols may be an 
alternative approach to evaluate the role of mycotoxins in this ecological context. The 
importance of these conditions (temperature and water potential) was also 
demonstrated in a recent study on their effect on carbon nutritional patterns and niche 
overlap between A. flavus and F. verticillioides (Giorni et al., 2009). This study showed 
that these two species assimilate different carbon sources resulting in them occupying 
different niches in maize under specific ranges of environmental conditions, and that 
only under extreme conditions was dominance of one over the other species. 
Nutritional dominance of F. verticillioides occurred at 20ºC, mainly at 0.955 aw (= -7.0 
MPa water potential). These conditions parallel the highest induction of FUM1 gene, 
particularly in F. verticillioides. The pattern of FUM1 induction by this species in 
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response to water stress, close to its limit for growth, and which are conducive for 
Aspergilli, could be envisaged as advantageous for F. verticillioides to retain its niche 
occupation and preventing dominance by A. flavus. A change in regulation of fumonisin 
biosynthesis might have improved adaptation of F. verticillioides to maize, at the 
expenses of reducing the host range. F. proliferatum, in contrast, showed a less 
specific regulation pattern with a relatively stable and constant FUM1 gene expression 
in relation to growth rate, more compatible with a less specific colonization pattern, in 
agreement with the broad range of host plants which this species is able to colonize. 
 
Acknowledgements: This work was supported by the Spanish MCYT (AGL-2007-
66416-C05-02), and UCM-GR58/08-A (910672). P.M. was supported by a FPI 
fellowship of the Spanish MCYT (BES-2005-8149). 
 
REFERENCES 
 
Aliakbari F, Mirabolfathy M, Emami M, Mazhar SF, Karami-Osboo RK (2007). 
Natural occurrence of Fusarium species in maize kernels at Gholestan Province in 
northern Iran. Asian J Plant Sci 8: 1276-1281. 
 
Cavaglieri LR, Keller KM, Pereyra CM, González Pereyra ML, Alonso VA, Rojo 
FG, Dalcero AM, Rosa CAR (2009) Fungi and natural incidence of selected mycotoxins 
in barley rootlets. J Stored Products Res 45: 147-150. 
 
Charmley LL, Rosenber A, Trenholm HL (1994) Factors responsible for 
economic losses due to Fusarium mycotoxin contamination of grains, foods and 
FEMS Microbiology Ecology (2010), Volume 73, Issue 2, 303-310. 
 
15 
 
feedstuffs. Mycotoxins in Grain Compounds other than Aflatoxin (Miller JD, Trenholm 
HL, eds), pp. 471-456. Eagan Press, St. Paul, Minnesota, USA. 
 
Commision Regulation (EC) No 1126/2007 of 28 September 2007 amending 
Regulation (EC) No 1881/2006 setting maximum levels for certain contaminants in 
foodstuffs as regards Fusarium toxins in maize and maize products. 
 
Conner RL, Hwang SF, Stevens RR (1996) Fusarium proliferatum: a new 
causal agent of black point in wheat. Can J Plant Pathol 18: 419-423. 
 
Desjardins AE, Proctor RH, Bai G, McCormick SP, Shaner G, Buechley G, 
Hohn TM (1996) Reduced virulence of trichothecenes antibiotic-nonproducing mutants 
of Gibberella zeae in wheat field tests. Mol Plant-Microbe Interact 9: 775–781. 
 
Desjardins AE, Manandhar HK, Plattner RD, Manandhar GG, Poling SM, 
Maragos CM (2000) Fusarium species from Nepalese rice and production of 
mycotoxins and gibberellic acid by selected species. Appl Environ Microbiol 66: 1020-
1025. 
 
Desjardins AE, Busman M, Muhitch MJ, Proctor R (2007) Complementary host-
pathogen genetic analyses of the role of fumonisins in the Zea mays-Gibberella 
moniliformis seedling interaction. Physiol Mol Plant Pathol 70: 149-160. 
 
De Souza J & Formento N (2004) Estudio de antesis en trigo y su relación con 
la Fusariosis. VI Congreso nacional de trigo. IV Simposio nacional de cultivos de 
siembra otoño-invernal (INTA, eds), pp21. Buenos Aires. 
FEMS Microbiology Ecology (2010), Volume 73, Issue 2, 303-310. 
 
16 
 
 
Doohan FM, Weston G, Rezanoor HN, Parry DW, Nicholson P (1999) 
Development and use of a reverse transcription-PCR assay to study expression of Tri5 
by Fusarium species in vitro and in planta. Appl Environ Microbiol 65: 3850-3854.  
 
Feng GH & Leonhard TJ (1998) Culture conditions control expression of the 
genes for aflatoxin and sterigmatocystin biosynthesis in Aspergillus parasiticum and A. 
nidulans. Appl Environ Microbiol 64: 2275-2277. 
 
Giorni P, Magan N, Battilani P (2009) Environmental factors modify carbon 
nutritional patterns and niche overlap between Aspergillus flavus and Fusarium 
verticillioides strains from maize. Int J Food Microbiol 130: 213–218. 
 
Ginzinger DG (2002) Gene quantification using real-time quantitative PCR: an 
emerging technology hits the mainstream. Exp Hematol 30: 503-512. 
 
Glenn AE, Zitomer NC, Zimeri AM, Williams LD, Riley RT, Proctor RH (2008) 
Transformation-mediated complementation of a FUM gene cluster delection in 
Fusarium verticillioides restores both fumonisina production and pathogenicity on 
maize seedlings. Mol Plant-Microbe Interact 21: 87-97. 
 
Hope R, Aldred D, Magan N (2005) Comparison of the effect of environmental 
factors on deoxinivalenol production by F. culmorum and F. graminearum on wheat 
grain. Lett Appl Microbiol 40: 295-300. 
 
FEMS Microbiology Ecology (2010), Volume 73, Issue 2, 303-310. 
 
17 
 
Jurado M, Vázquez C, Callejas C, González-Jaén MT (2006) Occurrence and 
variability of mycotoxigenic Fusarium species associated to wheat and maize in the 
south west of Spain. Mycotoxin Res 22: 87-91. 
 
Jurado M, Marín P, Magan N, González-Jaén MT (2008) Relationship between 
solute and matric potential stress, temperature, growth and FUM1 gene expression in 
two Fusarium verticillioides strains from Spain. Appl Environ Microbiol 74: 2032-2036. 
 
Jurado M, Marín P, Callejas C, Moretti A, Vázquez C, González-Jaén MT 
(2010) Genetic variability and fumonisin production by Fusarium proliferatum. Food 
Microbiol 27: 50-57. 
 
Kohut G, Ádám AL, Fazekas B, Hornok L (2009) N-starvation stress induced 
FUM gene expression and fumonisin production is mediated via the HOG-type MAPK 
pathway in Fusarium proliferatum. Int J Food Microbiol 130: 65-69. 
 
Logrieco A, Mulè G, Moretti A, Bottalico A (2002) Toxigenic Fusarium species 
and mycotoxins associated with maize ear rot in Europe. Eur J Plant Pathol 108: 597-
609. 
 
López-Errasquin E, Vázquez C, Jiménez M, González-Jaén MT (2007) Real 
Time RT-PCR assay to quantify the expression of FUM1 and FUM19 genes from the 
fumonisin-producing Fusarium verticillioides. J Microbiol Methods 68:312:317. 
 
FEMS Microbiology Ecology (2010), Volume 73, Issue 2, 303-310. 
 
18 
 
Magan N (1997) Fungi in extreme environments. The Mycota IV, environmental 
and microbial relationships. (Wicklow DT & Soderstrom B, eds), pp. 99-114. Springer 
Verlag, Berlin 
 
Magan N (2007) Fungi in extreme environments. The Mycota IV, Enrionmental 
and Microbia Relationships (Kubicek CP & Druzhinina IS, eds), pp. 85-103. Springer 
Verlag, Berlin. 
 
Marasas WFO, Riley RT, Hendricks KA, et al. (2004) Fumonisins disrupt 
sphingolipid metabolism, folate transport, and neural tube development in embryo 
culture and in vivo: a potential risk factor for human neural tube defects among 
populations consuming fumonisin-contaminated maize. J Nutr 134: 711-716. 
 
Marín S, Magan N, Belli N, Ramos AJ, Canela R, Sanchis V (1999) Two-
dimensional profiles of fumonisin B1 production by Fusarium moniliforme and Fusarium 
proliferatum in relation to environmental factors and potential for modelling toxin 
formation in maize grain. Int J Food Microbiol 51: 159-167. 
 
Marín S, Magan N, Ramos AJ, Sanchis V (2004). Fumonising-producing strains 
of Fusarium: A review of their ecophysiology. J Food Prot 67: 1792-1805. 
 
Medina A, Valle-Algarra FM, Rufino M, Gimeno-Adelantado JV, Mateo F, 
Jiménez M (2006) Survey of the mycobiota of Spanish malting barley and evaluation of 
the mycotoxin producing potential of species of Alternaria, Aspergillus and Fusarium.  
Int J Food Microbiol 198: 196-203. 
 
FEMS Microbiology Ecology (2010), Volume 73, Issue 2, 303-310. 
 
19 
 
Miraglia M, Marvin HJP, Kleter GA et al. (2009) Climate change and food 
safety: An emerging issue with special focus on Europe. Food and Chem Toxicol 47: 
1009-1021. 
 
O’Callaghan J, Stapleton PC, Dobson ADW (2006) Ochratoxin A biosynthetic 
genes in Aspergillus ochraceus and differentially regulated by pH and nutritional 
stimuli. Fungal Genet Biol 43: 213-221. 
 
Proctor RH, Desjardins AE, Plattner RD, Hohn TM (1999) A polyketide synthase 
gene required for biosynthesis of fumonisin mycotoxins in Gibberella fujikuroi mating 
population A. Fungal Genet Biol 27: 100–112. 
 
Schmidt-Heydt M & Geisen R (2007) Gene expression as an indication for 
ochratoxin A biosynthesis in Penicillium nordicum. Mycotox Res 23: 13-21. 
 
Schmidt-Heydt M, Magan N, Geisen R (2008) Stress induction of mycotoxin 
biosysthesis genes by abiotic factors. FEMS Microbiol Lett 284: 142-149. 
 
Soldevilla C, Vázquez C, Patiño B, Jurado M, González-Jaén MT (2005) 
Hongos toxigénicos asociados a trigos y cebadas de Castilla y León. Bol San Veg 
Plagas 31: 519-529. 
 
Velluti A, Marín S, Gonzalez R, Ramos AJ, Sanchis V (2000) Fumonisin B1, 
zearalenone and deoxinivalenol production by Fusarium moniliforme, F. proliferatum 
and F. graminearum in mixed cultures on irradiated maize kernels. J Sci Food Agric 81: 
88-94. 
FEMS Microbiology Ecology (2010), Volume 73, Issue 2, 303-310. 
 
20 
 
 
Wilson M & Lindow SE (1994) Ecological similarity and coexistence of epiphytic 
ice-nucleating (Ice+) Pseudomonas syringae strains and a non-ice-nucleating (Ice-) 
biological control agent. Appl Environ Microbiol 60: 3128-3137. 
 
Zimmo N & Scott GE (1992) Interaction of Fusarium moniliforme and 
Aspergillus flavus on kernel infection and aflatoxin contamination in maize ears. Plant 
Dis 76: 771-773. 
 
 
Source of variation df Mean square Fa 
Temperature 4 146,798 886,07* 
s 2 89,0457 537,48* 
Temperature vs s 8 4,35065 26,26* 
 
 
Source of variation df Mean square Fa 
Temperature 4 92,1769 929,55* 
s 2 99,5896 1004,30* 
Temperature vs s 8 5,6849 57,33* 
 
Table 1: ANOVA of the effects of temperature (15, 20, 25, 30 and 35ºC) and non-ionic 
(glycerol) solute potential (-1.4, -2.8 and -7.0 MPa) and their interaction on growth rate 
in F.verticilloides (a) and F. proliferatum (b). 
a Snedecor’s F Test. *, significant at P<0.05 
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Source of variation df Mean square Fa 
Temperature 4 3,78524 27,26* 
s 2 4,16745 30,01* 
Temperature vs s 8 1,65083 11,89* 
 
 
 
Source of variation df Mean square Fa 
Temperature 4 10,743 22,20* 
s 2 5,99196 12,38* 
Temperature vs s 8 1,18482 2,45* 
 
Table 2: ANOVA of the effects of temperature (15, 20, 25, 30 and 35ºC) and non-ionic 
(glycerol) solute potential (-1.4, -2.8 and -7.0 MPa) and their interaction on FUM1 gene 
expression on F.verticilloides (a) and F. proliferatum (b). 
a Snedecor’s F Test. *, significant at P<0.05. 
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(b) 
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Figure 1: Influence of temperature and non-ionic solute potential growth rate of F. 
graminearum (mean of the three replicates) growing on glycerol modified GYEP solid 
medium in 10 days of incubation.  
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Figure 2: Comparison of induction of growth rate ( ) and TRI5 gene expression (    ) in 
response to non-ionic (glycerol) osmotic potential in F. graminearum for 10 days at 
three different solute potentials (-1.4, -2.8 and -7.0 MPa) and five temperatures (15, 20, 
25, 30 and 35ºC). The measured quantity of the cDNA in each experiment was 
normalized using CT values obtained for TUB2 cDNA amplifications run in the same 
plate. The values represent the number of times TRI5 is expressed in each experiment 
compared to its respective culture incubated at 15ºC (set at 1.00). The results are 
averages of the three independent repetitions. 
 
 
Figure 3: Temporal kinetics study of the effect of ionic (NaCl) solute potential on 
relative colony size (■) and induction of TRI5 gene expression ( ) of F. graminearum at 
25ºC at three different solute potentials (-1.4, -2.8 and -7.0 MPa). The measured 
quantity of the cDNA in each of the experiments was normalized using the CT values 
obtained for the TUB2 cDNA amplifications sun on the same plate. The values 
represent the number of times TRI5 is expressed in each experiment compared to its 
respective 3-day-old culture of the F. graminearum strain (set at 1.00). The results are 
average of the three independent repetitions. 
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